The oxidation of three different complexes of the doubly cycloplatinated 2,6-di(4-fluorophenyl)pyridine ligand (namely DMSO, PPh3 and PPr3 derivatives, 1a, 1b and 1c, respectively) with the electrophilic oxidant iodobenzenedichloride was studied. In each case oxidation can yield a simple trans-dichloro platinum(IV) complex (2(t)), which subsequently isomerises to the cis isomer (2(c)). However, by changing the solvent, or performing the reaction in the presence of an additional ligating species, a five-coordinate intermediate can be trapped out and isolated. Thus, cationic species with additional DMSO or pyridine coordinated could be collected for the DMSO and PPh3 derivatives. The PPr3 derivative traps out the reactive five-coordinate species with an agostic interaction that subsequently induces a transcyclometallation reaction to give a complex with a singly cyclometallated pyridine and a cyclometallated phosphine, which was characterised crystallographically, (6c(c)).
Introduction
As part of the effort to realise a practical method of selective C-H functionalisation of hydrocarbons, 1 organometallic platinum complexes have been extensively studied. 2 In part this is due to their amenability to study, but it is also due to their relevance to actual processes and their ability to activate methane. 3 Probably the most important complexes to study are those that are coordinatively unsaturated, as these are often the most reactive. In the context of platinum chemistry, this means three coordinate platinum (II) 4 and five-coordinate platinum (IV) complexes.
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In particular, the importance of five-coordinate intermediates in the concerted reductive elimination process from six coordinate octahedral complexes is well known and is directly relevant to platinum. The rapid reductive elimination from an unsaturated intermediate has been rationalised theoretically, 6 with the argument hinging on the fact that the coupling process results in the population of a metal orbital that is only non-bonding in the fivecoordinate complex, but anti-bonding in a six-coordinate complex. This analysis also suggests stereochemical consequences for the reaction and can be used to rationalise which groups end up coupling, 7 with this factor over-riding the perceived kinetic preference for elimination of sp 2 carbons rather than sp 3 . 8 Computational work has suggested that, under certain circumstances, i.e. with vinyl groups coupling, the intermediacy of a five-coordinate complex is not necessary for a reductive elimination reaction to occur, though this appears to be an isolated example. 9 Five-coordinate Pd(IV) complexes have also been shown to activate C-H bonds. 10 Typically, five-coordinate complexes are generated via the abstraction of a halide, usually with a silver salt, from a six-coordinate platinum (IV) starting material, but in principle, could also be generated via the addition of a single group to a four-coordinate platinum (II) complex, as part of a electrophilic oxidative addition process. 11 Though bona fide stable five-coordinate platinum complexes have been identified under a variety of circumstances, 5b they have not been successfully characterised during the process of halogen oxidation. 12 Here, we report on the trapping of the five-coordinate complexes that arise through oxidative addition and the characterisation of these complexes.
Results and Discussion
Starting from the previously 13 reported C^N^C DMSO complex (1a), we were able to synthesise two further derivatives with the fourth ligand being PPr3 or PPh3 (1b and c, respectively), Scheme 1.
The single crystal Xray structures of 1b and 1c are reported here for the first time, Table 1 and Figures 1 and 2 . The oxidation of each of the complexes 1 with iodobenzenedichloride is rapid, taking place in less than one minute, even at temperatures as low as -60 °C. In each case the mechanism of oxidation appears to be the same, that is the expected SN2 type process for electrophilic reagents. [11] [12] This process takes place via a two step mechanism: the initial delivery of a Cl + to give a five-coordinate complex, with subsequent addition of a sixth ligand (normally Cl -). By changing the fourth ligand in complexes 1, we are able to trap the five-coordinate intermediate and hence change the course of the reaction. 2.2294(8); C(1)-C(6) 1.424(4); C(6)-C(7) 1.464(5); N(7)-C(11) 1.350(4); N(7)-C(7) 1.360(4); C(11)-C(12) 1.474(4); C(12)-C(17) 1.420(4); N(7)-Pt(1)-C(1); 80.40 (12) ; N(7)-Pt(1)-C(17) 79.90(11); C(1)-Pt(1)-C(17) 159.24 (12) ; N(7)-Pt(1)-P(1) 178.57(7); C(1)-Pt(1)-P(1) 99.71(9); C(17)-Pt(1)-P(1) 100.15(9); C(6)-C(1)-Pt(1) 111.9(2); C(11)-N(7)-C(7) 123.6(3). When the fourth ligand is DMSO, i.e. complex 1a, the reaction proceeds smoothly and cleanly at -40 °C giving the trans product, 2a(t), Scheme 2.
The product was identified as this isomer on the basis of solution NMR data (in particular NOE measurements indicated close proximity of the DMSO hydrogens and the H ortho to both Pt and F), and the solving of the single crystal Xray structure, Figure 3 . Solutions of 2a(t) slowly isomerise to the cis isomer, Scheme 3, taking around a week for the reaction to go to completion, at room temperature; we were able to crystalise this isomer too, Figure 4 .
DFT calculations indicate a small (~4 kJmol -1 ) thermodynamic preference for the cis over the trans, presumably related to the reduction in steric crowding around the DMSO that accompanies the isomerisation. Pt1-S1-2.2752(11); N7-C11 1.364(6); Pt1-Cl6 2.3381(11); Pt1-N7 1.988(4); Pt1-C17 2.080(5); S1-C18 14 We can justify the identification of this complex in chloroform, but not in acetone, as arising from the superior solvation of the chloride anion by chloroform. 15 Coupling this factor with the large steric bulk of the triphenylphosphine ligand, which will hinder the combination of the platinum centre with the final chloride, suggests why we were able to identify this intermediate.
The intermediate 3b will persist in chloroform solution for a matter of hours at low temperature and we thus sought to trap it out as a cation with another neutral ligand to give a complex like 4a. We unable to do so with acetonitrile or DMSO but successful when excess pyridine was added, Scheme 6.
Thus another new complex, with the same pattern of NMR resonances, but with the addition of pyridine signals (including clear satellites on the hydrogens adjacent to the nitrogen), could be isolated. The relative positions of the pyridine and phosphine ligands could be determined by NOE measurements and its cationic nature was apparent from the intensity of the ion in the electrospray mass spectrometry. Addition of excess pyridine to a solution of 1b in chloroform before oxidation gives rise to the same pyridine adduct directly. We also sought to generate this pyridine complex by the treatment of 2b(c) and 2b(t) (separately) with AgBF4 in acetone solution, in the presence of pyridine, and indeed we were able to isolate the same material in both cases, Scheme 7.
Finally, the oxidation of the tripropylphosphine complex 1c is more complicated than that of either the DMSO complex 1a or the triphenylphosphine complex 1b, but again a five-coordinate intermediate can be trapped out. Complex 1c does, however, follow a similar path to that of the analogous tributylphosphine complex, as reported by us earlier. 16 Thus, when the tripropylphosphine complex 1c is oxidised at -40 °C in acetone, the reaction gives the trans Pt(IV) product 2c(t), with none of the cis isomer 2c(c) to which it subsequently slowly isomerises to, Scheme 8.
Both cis and trans 2c products were characterised in solution, and 2c(c) was further fully characterised, including by crystalography, Figure 5 . Heating of 2c(c) does not result in further reaction. A trace amount of another product is also observed at -40 °C in acetone, and the formation of this can be favoured with the use of a different solvent. Thus, when the oxidation is carried out in chloroform at -60 °C, other products, representing around 40% of the sample, form; the remaining 60% is 2c(t). Again this pattern of behaviour was observed with the tributylphosphine derivative. The first product that we assume to form is the agostic complex 5c which transforms into 6c(t) in a matter of minutes, even at -60 °C, Scheme 9. We were only able to obtain limited spectroscopic data on 5c, but the 31 P shift of 51.0 in particular suggests that the phosphine is now part of a chelating ring, 17 and calls to mind the agostic complex that the tributylphosphine forms under equivalent reaction conditions. 16 With the tributylphosphine it was clear that it was the terminal methyl group of the chain that interacted with the central platinum, and this rearranged at around -40 °C to form a five-membered metalacycle containing the phosphine. With the propyl complex 5c it is presumably again the terminal methyl that interacts with the metal but now it does not need to rearrange before it reacts to give the five-membered metalacycle, and this is presumably the reason it reacts more quickly than the butyl analogue. The new complex formed at -60 °C, 6c(t), is reasonably stable at room temperature and in air, but does convert to another species if it is simply left in solution for more than a few days at room temperature and it proved difficult to purify via chromatography; thus we were unable to completely characterise it. Pt shift of -2667) and a direct platinum bond to one of the alkyl groups of the phosphine.
Spectroscopic data suggests, but is not definitive, that the phosphine is trans to the pyridine nitrogen. We were, however, able to purify by chromatography and fully characterise the new species that 6c(t) transforms to and the identity of this final species helps to confirm our suggestions, Scheme 9. This final species is stable in air and at room temperature.
All the salient features of the structure of this final complex can be deduced from the NMR data, particularly when compared with the analogous tributylphosphine complex 16 coupling strongly to each other and to the a Pt with a large coupling constant; the close proximity of one of these two in space to the aryl proton adjacent to Pt and F on the cyclometallated fluorophenyl ring) and we believe it to be 6c(c) in Scheme 9. Mass spectral data suggests the complex is not cationic and therefore has the sixth site of its octahedral geometry occupied by a further chloride. Final confirmation of the structure comes from the Xray structure, Figure 6 , which does indeed show a singly cyclometallated diphenyl pyridine ring system, a singly cyclometallated phosphine, with the P cis to the N, and finally two further chlorides. of the reaction 5c to 6c(t) is to exchange one five-membered cyclometallated ring containing an aryl group with another five-membered ring containing an alkyl chain. We saw the same chemistry with the tributyl phosphine and rationalised the exchange as replacing two adjoining five membered metallacycles which strain and distort the coordinating pyridine ring in 5c with two independent five membered metallacycles without any cumulative strain in complex 6c(t), even though there has been an exchange of an aryl-Pt bond for a notionally weaker alkyl-Pt bond. We have previously noted a similar type of exchange in monocyclometallated complexes. 22 The subsequent isomerisation of 6c(t) to 6c(c), is presumably brought about be by the further relief of steric strain as it brings the large PPr2 fragment away from a relatively congested central position to a less congested one above the plane of the diphenylpyridine. The crystal structure of 6c(c) provides evidence for its relatively unstrained nature: the three angles through the central platinum, N-Pt-C, P-Pt-Cl, Cl-Pt-Cl are 175.9(3), 171.83(5) and 178.72(19) ° respectively, Figure 6 .
Once again we can account for the differing behaviour in chloroform and acetone as arising from the superior solvation of the chloride anion by chloroform. 15 Thus, by keeping the chloride which is released from the iodobenzene dichloride oxidant away from the platinum it allows the alkyl chain of the phosphine to coordinate and hence react.
Conclusions
The oxidation reactions of our three platinum (II) complexes with iodobenzenedichloride all proceed via a two step reaction giving a five-coordinated intermediate. In each case we have been able to trap out the intermediate with another ligating species and temporarily stabilise it.
When an external ligand is added (e.g. DMSO with the DMSO complexes, or pyridine with the triphenyl phosphine) a cationic species is generated and, if the counter ion is noncoordinating (e.g. BF4 -), it is possible to isolate new species. When the trapping agent is the internal alkyl chain of a previously coordinated ligand (i.e. the propyl chain of PPr3) the intermediate complex is an agostic one and, rather than the agostic interaction being displaced by another ligating group, a reaction occurs. This reaction results in the cleavage of a C-H bond with the formation of a new Pt-C bond. It is therefore possible, by careful choice of ligands and conditions, to trap out the reactive five-coordinate and exert some degree of control as the course of subsequent reactivity. (2) 150 (2) 150 (2) 150 (2) 150 (2) 150 (2 -195 Pt correlation spectra were recorded using a variant of the HMBC pulse sequence and the 195 Pt chemical shifts reported are taken from these spectra (referenced to external Na2PtCl6). All elemental analyses were performed by Warwick Analytical Service. Starting platinum complex 1a was prepared as previously reported.
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The following labelling scheme was used for all symmetrical C^N^CPt complexes:
Synthesis of complexes 1b, 1c.
The following general method was used for both derivatives: to a solution of [ (2, Elemental Analysis. Found (expected for C35H24F2NPPt): C 57. 9 (58.17), H 3.6 (3.35) Crystals suitable for Xray analysis were grown by the slow evaporation of solvent from a chloroform solution, Fig 1 and Table 1 ; full details are in the SI. Crystals suitable for Xray analysis were grown by the slow evaporation of solvent from a chloroform solution, Fig 2 and Table 1 ; full details are in the SI.
Oxidation of complexes 1a, 1b, 1c
In a typical procedure, 10mg of complex 1 (1.86×10 -5 mol, 1.38 ×10 -5 mol, 1.61×10 -5 mol, respectively) was dissolved in chloroform (1 ml) and the solution cooled to -40 °C. One equivalent of solid PhICl2 (5.1 mg, 3.5 mg, 4.4 mg, respectively) was added and the mixture thoroughly mixed by shaking. After allowing to warm to room temperature the solvent was removed under vacuum, the resulting solid washed with hexane and then recrystallised from chloroform, or purified by column chromatography (chloroform on silica). Yields: 1a 9.5 mg, 1.76×10 -5 mol, 95%; 1b 8.3 mg, 1.14×10 -5 mol, 83%; 1c 9.1 mg, 1.47×10 -5 mol, 91%.
DMSO complexes 2a(t) and 2a(c)
Oxidation of 1a gave 2a(t) directly. 
PPr3 complexes 2c(t) and 2c(c)
Oxidation of 1c in acetone gave 2c(t) directly. 
Complexes 5c, 6c(t) and 6c(c)
Oxidation of 1c in chloroform gave agostic 5c for which has a 31 P shift of 51.0 ppm at -60 °C. Proton signals could be observed, but could not be assigned.
Agostic 5c transforms to 6c(t) within minutes at -60 °C, but only incomplete (though absolutely characteristic) data could be obtained in solution as 6c(t) transforms to 6c(t) and could not be isolated as a pure material. Hz, centre = 7.86 ppm. Even by 328 K, the peak has not coalesced to form a single peak, instead a broad peak remains (width at half height = 21 Hz). COSY at 328K shows Coupling to Hb. **At room temperature, and even down to 268 K, this peak is a triplet on a 400 MHz spectrometer. The peak moves slightly to greater ppm with a decrease in temperature. By 208 K the triplet has decoalesced into 2 peaks. Peak positions makes it difficult to work out the width at half height, but the peaks are separated by around 25 Hz. ***irradiation of this peak shows enhancement of Hn.
6c(t)
The VT-NMR spectra are available as SI. 23 The general features available in ADF have been described. 24 Here, we have used scalar zero-order regular approximation (ZORA) relativistic corrections with the OPBE functional 25 and the supplied frozen-core, triple-plus polarisation ZORA basis sets. Solvation effects were included via the conductor-like screening model (COSMO) as implemented in ADF.
Default SCF and geometry optimisation convergence criteria were used.
